Abstract. Using several source models, we analyze the transverse momentum dependence of HBT radii. The results show that the single-particle space-momentum angle distribution plays an important role in the transverse momentum dependence of HBT radii. In a cylinder source, we use several formulas to describe the transverse momentum dependence of HBT radii and the single pion space-momentum angle distribution. We also make a numerical connection between them in the transverse plane.
Introduction
A new state of matter has been found in the Relativistic Heavy Ion Collider, which is called Quark-Gluon-Plasma (QGP) [1, 2, 3] . It is a strongly interacting partonic matter under extreme temperature and energy density formed by deconfined quarks and gluons. This state is similar to the early time of the universe after the big bang [4] . It aroused people's a lot of interest. A powerful tool in studying the mechanism of particle production in hot QCD matter is the two-pion intensity interferometry. The interferometry analyses were first shown by Hanbury Brown and Twiss to measure the angular diameter of stars in the 1950s [5] , so the method is named as HBT method. Then G. Goldhaber, S. Goldhaber, W. Lee and A. Pais extend this method in p+p collisions [6] . After that, the two-pion interferometry has made great efforts in high energy heavy ion collisions, and the method is also developed and improved a lot. For example, the HBT radii parameters may locate the Critical End Point (CEP) in QCD phase digram [7] , and the multi-pion interferometry has been used in high-energy heavy-ion collisions, as an extension of two-pion interferometry [8, 9, 10] .
Many collaborations use HBT method to analyze different collisions in different energies [11, 12, 13, 14, 15] . Most of them show the phenomenon of transverse momentum or transverse mass dependence of HBT radii. We think the single-particle spacemomentum angle distribution takes a main role in transverse momentum dependence of HBT radii, and this distribution is caused by flow. In this paper, we discuss the effect of single-particle space-momentum angle distribution of HBT radii in several sources. Then find a connection between the single-particle space-momentum angle distribution and the transverse momentum dependence of HBT radii, in transverse plane. This paper is structured as follows. Sec. 2 briefly introduces the CRAB code and the method used to calculate the HBT radii. In Sec. 3, we calculate the HBT radii for pion in different sources. In Sec. 4, a numerical connection has been built between the single-particle space-momentum angle distribution and the transverse momentum dependence of R o , R s . Finally, we summarize our conclusions in Sec. 4.
CRAB code and methodology
In this paper, we use Correlation After Burner (Crab) code to read the phase-space information of generated pions and calculate the two-pion correlation functions [16] . The code is based on the formula
where
, and ψ rel is the two particle wave function. In further discussion, we neglect the Coulomb interaction and strong interactions between pions. The correlation functions can be calculated in different P T bins by changing the kinematic cuts in the fitter of the CRAB code. And the information of single pion can also be got in the calculation. Then we use it to analyses the space-momentum angle ∆ϕ distribution. We usually use the 'out-side-long'(o-s-l) coordinate system in HBT research. The long direction is along the beam direction, and the transverse plane is perpendicular to the long direction. In the transverse plane, the momentum direction of pair particles is the out direction. And the direction, which is perpendicular to the out direction, is called side direction.
In this paper, when calculating the HBT correlation function, the rapidity range is always set to −0.5 < η < 0.5. We show an example of correlation functions of a Gaussian source in Figure 1 . It is in q o and q s directions, and −3 < q l < 3 MeV/c. The HBT correlation function of the Gaussian form can be written as [17] 
where λ is coherence parameter. The R 
here the average notation is defined as
We can calculate the HBT radii by using equation (2) to fit the HBT correlation function which is generated from CRAB code.
Transverse momentum dependence of HBT radii
We think the p and r angle distribution, also called ∆ϕ angle distribution, can directly cause the transverse momentum P t dependence. We will use several source models to prove our thoughts.
Firstly, we use a Gaussian source to generate data of pions. The space and freeze out time of pions are accorded with Gaussian distribution, and the momentum follow the Boltzmann distribution. The emission function can be written as
where we always set source size R = 6.0 fm, temperature T = 100 MeV, and mass of pions m = 139.58 MeV/c 2 . Then use CRAB code to calculate the HBT correlation functions of pions. After that, we use equation (2) to fit the correlation functions in different P T bins, and there are 9 bins in 125 MeV/c < P T < 625 MeV/c. The transverse momentum dependence of HBT radii are shown in Figure 2 . In Figure 2 (a), the life time of source ∆t = 0 fm/c, so all the pions freeze out at same time. One can see that HBT radii coincide with each other, and they are almost equal to the source radii. There is no transverse momentum dependence of HBT radii. The changes of P T can not affect the HBT radii. While ∆t = 6 fm/c, as shown in Figure 2 (b), the value of R o increases a lot, and it changes with the P T . There is only a little changes of R l and R s . Therefore, the lifetime of source has a great influence on the the values of R o . Then we show the HBT radii by changing the value of ∆t in Figure 3 .
In Figure 3 , the Gaussian source radius is still set to 6 fm, and the transverse momentum range is 125-625 MeV/c. We can see the increase of R o at higher lifetime ∆t of source. And because of the rapidity cut is −0.5 < η < 0.5, R l only changes a little. There is barely no changes of R s . Since we have already know the emission function of Gaussian source, by using equation (3)- (7), the HBT radius can be expressed as
here, r and β are space coordinate and velocity of single particle. Therefore we can reduce the influence of the lifetime of source by decreasing the value of ∆t. When ∆t = 0 fm/c in Gaussian source, no matter how the P T changes, there is no appearance of the P T dependence. And there is no correlation between the momentum and space of single particle. For discussing the influence of single-particle angle distribution on the transverse momentum dependence of HBT radii, we introduce another source which is called spacemomentum angle correlation source. the emission function can be written as
where ∆ϕ is the single-pion space-momentum angle at freeze-out time. By changing the formula of w (∆ϕ), we can change the angle ∆ϕ distribution. If w (∆ϕ) = 1, the source become a Gaussian source, and the ∆ϕ value is totally random between 0 − π. Here, the function w in equation (11) can be written as
where α is a given value. This function means that, only the pions whose angle ∆ϕ smaller than the α value can exist. The radius of source is R = 6 fm, and the lifetime is ∆t = 0 fm/c. Then we plot Figure 4 . In Figure 4 . R o values are lower than R s and R l , and the HBT radii are all become straight lines. There is barely any appearance of P T dependence. In Figure 4 (b), α = . Comparing with the Figure 4(a) , the value of R s and R l become smaller. The value of R o only changes little. The present work shows that, the ∆ϕ distribution can affect the value of HBT radii. Further more, we can give the HBT radii changes by the cos α value, which is shown in Figure 5 . In Figure 5 , the transverse momentum range is 125-625 MeV/c. One can see that HBT radii have regular changes. When −1 < cos α < 0, the R o values decrease with the increase of cos α , while R s and R l only have little changes. When 0 < cos α < 1, there is almost no changes of R o , while R s and R l decrease with the increase of cos α. The different space-momentum angle ∆ϕ distributions corresponding to different HBT radii. Therefore, if we can control the ∆ϕ angle distribution, we can reproduce the P T dependence phenomenon.
We use homogeneous expansion source to calculate the HBT radii in different P T sections, then we use space-momentum angle correlation source to rebuild this phenomenon. The homogeneous expansion source is based on the Gaussian source. Every pion has given an expansion velocity β along the r direction. And the momentum is generated by using Lorentz transformation. The emission function can be written as
where γ = 1/ √ 1 − β 2 is the Lorentz factor, still R = 6 fm and the ∆t = 0 fm/c. After using it to generate data, we use CRAB code to calculate correlations in different P T sections. Meanwhile, we can also get the phase-space information of pions in different P T sections. The equation to fit the normalized space-momentum angle distribution can be written as
Where, c 1 and c 1 are fit parameters. One fit process is shown in Figure 6 . In different P T sections, we can get a series of two parameters c 1 , c 2 . In spacemomentum angle correlation source, we let w(∆ϕ) = f (∆ϕ) = c 1 exp(c 2 cos(∆ϕ)).
After the calculation, the simulation results and the HBT radii calculated by homogeneous expansion source are shown in Figure 7 .
In Figure 7 (a) and Figure 7 (b), one can see that the quality of the simulations are good. And the HBT radii in Figure 7 (b) are smaller than the HBT radii in Figure 7(a) . It because the expansion speed increases, and the ∆ϕ angles are all decrease in different P T sections, than lead the HBT radii decreases. The simulation results indicate that, the source expansion can cause the space-momentum angle ∆ϕ distribution changing with 
Space-momentum angle distribution in transverse plane
We use cylinder expansion source [19] to get the connection between the HBT radii and ∆θ(angle between P T and r T ) distribution. It can be written as
where u(x) is the 4-velocity and can be decomposed as
and η = 
9
The rapidity of the pion is Y = 1 2 ln[(E + P l )/(E − P l )], and the proper time is τ = √ t 2 − z 2 . We set T = 100 MeV, δτ = 0 fm/c, τ 0 = 10 fm/c, R g = 6.0 fm and δη = 3.0, and the variable is η tmax .
Since the CRAB filter is set −0.5 < η < 0.5 and δτ = 0 fm/c, all pions almost freeze out at the same time (∆t < 1.3fm/c). The effect of the source lifetime is negligible. . We can fit the HBT radii in different P T sections by
where a and b are fit parameters, parameter b describe the strength of P T dependence, the lager of |b|, the more obvious phenomenon of P T dependence. The distribution of cos(∆θ) is divided by the same number of pions cosine value distribution which calculated by random P T and r T , to get the normalized cos(∆θ) distribution. We fit normalized cos(∆θ) distribution with equation (14), and the fit results are list in Table 4 . From the fit results, with increase of P T and η tmax , c 1 become smaller and c 2 become bigger. We find c 1 and c 2 can be fitted by
where k and κ are fit parameters. These parameters are plotted in Figure 8 . In figure 8 , one can see regular changes of parameters. And because of the longitudinal limit, there is barely no changes of b long . The parameters in out and side directions are basically the same because the source lifetime is small enough. It indicate that there is connection between the HBT radii and the ∆θ distribution. The red lines are fit lines and the fit functions are
the fit parameters values are shown in Table 2 . A connection has been made between the P T dependence of HBT radii and the cos(∆θ) distribution by equation (22)-(25) and Table 2 , in a cylinder source. When we get a serious of data of HBT radii in different P T sections, if all the pions freeze out almost in the same time, we can describe the space-momentum angle distribution in different P T sections in transverse plane, and vice versa. Because we limit the life time of source, the eight parameters of b o are similar to the parameters of b s . If the source life time increase, R o will also increase, the parameters of b o are no longer suitable. And if we change the model, the value of parameters will also change.
Conclusions
By using a lot of source models, we analyze the effect of source life time and single-particle space-momentum angle distribution on HBT radii. In middle rapidity section, R o is sensitive to the source lifetime. R o increase a lot at higher ∆t. Further more, the HBT radii are also sensitive to the single-particle space-momentum angle distribution. By controlling the angle distribution, HBT radii will have regular changes. The collective expansion of the source leads the changes of the single-particle spacemomentum angle distribution with different P T , then causes the changes of HBT radii, at last, creates the transverse momentum dependence of HBT radii. In transverse plane of a cylinder expansion source, a numerical connection between the transverse momentum dependence of HBT radii and the the single-particle space-momentum angle distribution has been created. The parameters will change with different sources. If the parameters are settled, we can describe the single-particle space-momentum angle distribution by the transverse momentum dependence of HBT radii.
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